Benefited from the widely deployed infrastructure, the LTE network has recently been considered as a promising candidate to support the vehicle-to-everything (V2X) services. However, with a massive number of devices accessing the V2X network in the future, the conventional OFDM-based LTE network faces the congestion issues due to its low efficiency of orthogonal access, resulting in significant access delay and posing a great challenge especially to safety-critical applications. The non-orthogonal multiple access (NOMA) technique has been well recognized as an effective solution for the future 5G cellular networks to provide broadband communications and massive connectivity. In this article, we investigate the applicability of NOMA in supporting cellular V2X services to achieve low latency and high reliability. Starting with a basic V2X unicast system, a novel NOMA-based scheme is proposed to tackle the technical hurdles in designing high spectral efficient scheduling and resource allocation schemes in the ultra dense topology. We then extend it to a more general V2X broadcasting system.
• Signaling control: Due to the requirement of prior knowledge for joint decoding such as the CSI of Tx users, signaling between the Rx users and Tx users for information exchange is an important issue which couples with the power control of Tx users. In the traditional OMA-based case, such prior knowledge is usually provided by the BS, which may introduce great latency to V2X applications.
In this article, we discuss the applicability of the NOMA technique for supporting V2X services starting with the basic V2X unicast systems and then extending to other typical scenarios as listed below.
• NOMA-based V2X unicast systems: The basic V2X unicast model consists of multiple V2V pairs sharing the same channel simultaneously for direct communication. One receiver (Rx user) may suffer from co-channel interference from neighboring transmitters (Tx users), and one Tx user may cause interference to multiple Rx users nearby. SPS-based spectrum management of the BS and dynamic distributed power control of the users need to be considered given the requirement of LLHR.
• NOMA-based V2X broadcast systems: V2X broadcasting is essential for safety-critical applications, in which each vehicle is required to broadcast a small data packet containing safety-critical information to its neighborhood within every short transmission period. Beside of the issues brought up in the unicast case, time domain resource allocation and Tx-Rx selection of the BS need to be further considered for interference management.
• NOMA-based uplink V2I networks: The uplink V2I networks consist of multiple devices transmitting to the network/infrastructure by utilizing the contention-based code-domain NOMA technique [10] . Main issues include resource allocation based codebook selection and contention-based backoff mechanism design.
• NOMA-based V2V networks with multiple operators: In such a network, at lease a set of carriers for direct communication is shared by the vehicles subscribed to different operators, and joint data transmission and reception is performed by the operators to improve the spectrum efficiency of cell-edge vehicle pairs. Coordination between the operators to jointly allocating antennas, spectrum, and power is required.
The rest of this article is organized as follows. Section II provides an overview of existing cellular V2X techniques and NOMA-based communications. A NOMA-based mixed central-ized/distributed (NOMA-MCD) scheme is proposed in Section III for resource allocation and signaling control in the aforementioned basic V2X unicast system. Main challenges, possible solutions, and performance evaluations are discussed in detail. Other NOMA-based V2X communication extensions are presented in Section IV focusing on both benefits and research problems brought by NOMA. In the final section, we draw the main conclusions, and also discuss some open problems and potential research directions.
II. OVERVIEW OF CELLULAR V2X AND NOMA-BASED COMMUNICATIONS

A. LTE-supported V2X Services
Traditionally, V2X services can be classified as two types, safety-critical and traffic efficient applications, with different requirements of packet size and latency. Safety-critical messages are usually short broadcast messages with strict latency constraints, putting high requirement on scheduling and packet loss. Different from the safety-critical messages, traffic efficient messages refer to a large amount of sensed data of vehicles sent to the infrastructure or other vehicles.
Instead of achieving stringently low latency, the key point of traffic efficient message transmission is how to achieve continuous communication in a moving environment [11] while guaranteeing the delivery of other human-to-human (H2H) traffic.
To support both safety-critical and traffic efficient applications, LTE has provided two communication modes for V2V and V2I, i.e., LTE-direct (LTE-D) and cellular UL/DL, respectively, as illustrated in Fig. 1 .
• LTE-D for V2V: LTE-D refers to direct communication between two devices bypassing the BS in a proximal way. The design of LTE-D has made up for the native feature of LTE that message passing between vehicles via the infrastructure may produce large end-to-end latency. Resource allocation problems involving multiple D2D pairs and cellular users have been discussed in the literature [12] . However, unlike traditional H2H LTE-D networks, the V2V network has brought new concerns such as intractable cross interference due to the moving environment and a dense topology.
• Cellular UL/DL for V2I: Cellular UL/DL refers to the common communication mode between devices and the BS/road side units. For the case in which the density of vehicles is particularly sparse, cellular UL/DL can be considered for assistance. Note that multiple transmissions via unicast in the DL may lead to great resource waste given the expensive licensed spectrum. To achieve resource-efficient transmission, BS broadcasting/multicasting can be adopted via MBMS. Based on coordination between multiple cells, MBMS helps improve the cell-edge performance and reduce the latency.
Note that the mobility of vehicles leads to the rapid variation of fading, which poses a great challenge to the scheduling schemes for V2X services. Various existing scheduling schemes in LTE are listed as below suitable for different latency requirements:
• In Dynamic Scheduling, users are allocated resources for every transmitted packet in each time slot based on real-time CSI, which requires accurate channel estimation. It is suitable for sudden and frequently size-varying data transmissions that potentially consume wide bandwidth.
• In Semi-Persistent Scheduling, the BS allocates the predefined sets of resources to those users requesting for transmission every SPS period. The length of each SPS period is set as the same order of the required latency. By removing unnecessary signaling exchange in each slot, SPS reduces a great deal of latency, which is particularly suitable for transmitting periodically short messages with a fixed packet size, such as the basic safety messages.
B. Non-Orthogonal Multiple Access Technique
NOMA has been proposed as a new access technique for next generation mobile communications, supporting massive connectivity and sufficient spectrum usage. Two types of NOMA schemes have drawn great attention as comprehensively introduced below:
• Power domain NOMA (PD-NOMA) allows multiple users to share the same channel simultaneously by power domain multiplexing at the Tx, and SIC can be applied at the end-user Rx users to decode the received signals which suffer from co-channel interference.
It smartly exploits the differences of received power levels to obtain higher spectrum efficiency than the OMA scheme. Industry standards have been widely discussed for future deployment [13] , and several efficient algorithms for the resource allocation have been proposed [14] .
• Code domain NOMA (CD-NOMA) is also known as SCMA, short for sparse code multiple access. It uses sparse (or low-correlation) spreading sequences to integrate data streams of various users and then spread over multiple subchannels to realize overloading. Each user is identified by a codebook containing multiple codewords, and one codeword is represented by the spreading sequence of which length equals to the size of subcarrier set. At the transmitter, bit streams of each user are directly mapped to different sparse codewords of the corresponding codebook. All mapped codewords are then multiplexed over the dedicated subchannels, followed by a near-optimal detection of over-laid receiving sequences benefited from the sparsity of codewords. Protocols for the SCMA schemes have been released in [9] .
III. NOMA APPLICABILITY TO CELLULAR V2X
In this section, we elaborate how to apply the PD-NOMA technique in the cellular vehicular network for resource collision reduction, thereby achieving low latency. To better explain this, we first present a basic V2X unicast model in which the cross interference is considered. The NOMA-MCD scheme is then proposed and evaluated as below. Extension of this scheme to a more general V2X broadcast case will be presented in detail in Section IV.A.
A. NOMA-based V2X Unicast System Model
Consider a NOMA-based V2X unicast network as shown in Fig. 2 . Multiple V2X pairs communicate in a NOMA-based mode in which one sub-channel can be assigned to multiple 
B. Key Problems and Solutions of Resource Allocation and Signaling Control
Before presenting the key problems, we first illustrate the reason why we adopt a mixed centralized/distributed scheduling scheme as follows. Considering the mobility of vehicles and complicated cross interference caused by the dense topology, selection of scheduling scheme is a non-ignorable factor affecting both latency and data rates. Traditional dynamic centralized resource allocation may cause significantly large delay since the users need to send resource request messages to the BS for every data packet. In addition, accurate CSI is hard for the BS to obtain in a mobile environment. For a dynamic distributed scheduling scheme, CSI can be updated in time via direct links. It may be suitable for the case where the BS is out of function; however, it is very costly and unwise for the users to access the channel in a contention-based method within the coverage of the BS. Full centralized SPS has a good performance in reducing the delay; nevertheless, it fails to capture the rapidly changing CSI caused by the mobility, leading to potentially large resource collision during each SPS period.
To achieve the optimal scheduling given the latency requirement and mobility features, we adopt a mixed centralized/distributed scheme in which the BS performs the SPS and the Tx users perform distributed autonomous power control in each time slot. At the beginning of each SPS period, the BS determines how to allocate frequency resources to the Tx users, which takes full advantage of the global position information obtained by the BS to perform the interference management. Dynamic distributed power control by the Tx users is then performed to resolve the issues that the BS cannot obtain real-time CSI as well as to improve the rate performance of PD-NOMA.
Below we discuss the main problems and possible solutions in detail from the perspectives of centralized spectrum management of the BS and distributed power control.
1) Centralized Spectrum Management of the BS:
To reduce the resource collision, the BS performs frequency resource allocation based on the position information of each vehicle updated at the beginning of each SPS period. Different from the traditional OMA-based case, co-channel interference needs to be considered here.
Due to mobility of vehicles, not only the full CSI is very costly for the BS to acquire, but also the CSI can get easily outdated due to the rapid variation of small scale fading. Therefore, we adopt partial CSI containing the path loss and shadowing during each SPS period. Define an indicator variable x j,k to denote whether sub-channel k is allocated to Tx j. Considering the reliability of the network, we aim at improving the number of successfully decoded signals, which can be approximated by the sum of continuous logistic functions 1 as shown below:
in which Rate th denotes the minimum data rate required for successful decoding, Rate j ′ ,k denotes the data rate of the link Tx user j ′ -Rx user k, S j represents the set of Tx users with higher channel gains 2 than Tx user j over subchannel k, and η is the slope parameter of the logistic function.
Note that this is a non-convex problem due to the binary variables, which can be converted into a many-to-many matching problem with externalities. Considering the Tx users and subchannels as two sets of objects to be matched, the BS performs a swap-matching algorithm briefly described as below. Initially each Tx user randomly selects a set of sub-channels based on its priority. In the following swap-matching phase, the BS keeps searching for two pairs of Tx and sub-channel to check whether they can swap their matches such that the total utility in note that necessary prior knowledge is required by the Rx users to perform the SIC decoding, such as the number of Tx users in the interference range and the corresponding CSI. Therefore, the distributed power control requires information exchange between the Tx users and the Rx users, i.e., the control signaling, as will be explained below.
We divide each transmission slot into one control signaling portion and one data transmitting portion, in which the control signaling portion consists of multiple Tx-Rx iterations for control message exchange between the Tx users and the Rx users. Power control strategy of each Tx user is determined in every iteration. To limit the potential signaling costs to a tolerable level, we assume that there are T c Tx-Rx iterations in the control portion, followed by the data transmission. Each iteration consists of one Tx block and one Rx block, and works as below. In the Tx block, every Tx user adjusts its transmit power so that the transmitted reference signals can be successfully decoded by its target Rx user while causing minimum interference to other Rx users. Each Rx user obtains its neighboring Tx users' CSI and transmit power via the received reference signals. In the following Rx block, the Rx users then calculate the potential co-channel interference brought by Tx users in the neighborhood, and send back to corresponding Tx users for further processing in the next Tx block.
In each Tx block, every Tx user adjusts its transmit power based on the feedback sent by the Rx users. To avoid the situation where each Tx user transmits with the maximum power, the power control strategy for each Tx user is set as below: if the co-channel interference caused by a Tx user is larger than a threshold, its transmit power is set to zero; otherwise, the power is set as the minimum value such that the rate of the direct link between this Tx user and its target Rx user is larger than the decoding rate threshold. Small scale fading is considered during the power control.
C. Performance Evaluation
In summary, our proposed NOMA-MCD scheme is described as below. At the beginning of each SPS period, each vehicle user updates its position and velocity information to the BS. The BS then allocates the frequency resources to the Tx users to maximize the number of successfully transmitted messages in which large scale fading is considered based on predictable distance information. After the centralized spectrum assignment, distributed power control coupled with the Tx-Rx selection is then performed. In each iteration of the control signaling portion, the Tx users adjust their transmit power based on the feedback from neighboring Rx users. The whole distributed power control process ends within the control portion of a transmission slot, followed To evaluate the performance of NOMA-MCD scheme, we compare it with the traditional OMA-based LTE-D scheme with respect to the packet reception probability as well as the latency performance 3 as shown in Fig. 3 . We assume that 20% and 80% vehicles on the road serve as Tx users and Rx users, respectively, and at most 2 Tx users can share the same subchannel. It is observed that the NOMA-MCD scheme performs better than the OMA-based scheme.
IV. NOMA-BASED V2X COMMUNICATION EXTENSION
In this section, we extend the basic V2X model introduced in Section III to other applications in the cellular vehicular network. Some key research problems as well as possible solutions are also discussed. The proposed NOMA-MCD scheme is then naturally extended to this case such that one Rx user can receive from multiple Tx users simultaneously, reducing the resource collision and improving massive connectivity via power-domain multiplexing. Different from the V2X unicast version, time-domain resource management and user scheduling need to be considered, and the power control strategy of each Tx user is re-considered, as illustrated below.
A. NOMA-based V2X Broadcast Systems
1) Tx-Rx selection and time-frequency resource allocation of the BS:
During each time slot, a user can only be either the Tx user or the Rx user due to the half-duplex nature, and thus, any two users in each other's communication range cannot be assigned to transmit simultaneously in one SPS period. At the beginning of each SPS period, the BS decides which two subsets of vehicles act as Tx users and Rx users in each time slot, respectively, and how time-frequency resources are allocated to the Tx users. Therefore, the centralized resource allocation problem for the BS is then formulated as a three-dimensional integer programming problem. 
2) Power control strategy of each
B. NOMA-based Uplink V2I Networks
Note that the LTE uplink transmission can be a bottleneck of achieving LLHR due to the excessive signaling exchange between each vehicle and the BS. Specifically, this issue can degrade the performance of safety-critical applications in which short packets containing basic safety information are frequently updated by the vehicles. Aiming at finding a low-latency access technique, we observe that the contention based SCMA scheme may be a suitable candidate.
A SCMA-based uplink V2I network works as in ... Enabling the grant-free UL transmission while allowing system overload via multiplexing, the SCMA scheme has provided a new solution to achieve massive connectivity and meet very stringent latency requirements for some V2X services. Note that the number of vehicles set in one subband influences the collision probability of CTUs, thereby having an impact on the decoding performance of MPA. Therefore, a trade-off between the massive connectivity and latency needs to be discussed especially in an ultra dense network. In addition, resource allocation based codebook selection and back off mechanism design for SCMA are also crucial factors influencing the reliability of data services as well as latency performance.
C. NOMA-based V2V Networks with Multiple Operators
Consider a V2V network with multiple operators as shown in Fig. 6 . A set of carriers for direct communication is shared by the vehicles subscribed to different operators, i.e., vehicles belonging to different operators may transmit on the same carrier [4] . For the cell-edge vehicles, cooperation between multiple operators is necessary for joint spectrum management and power control to achieve reliable direct communication. More than one cell-edge V2V pairs may contest for the shared frequency resources, leading to resource collision.
To improve the spectrum efficiency of cell-edge users, NOMA-based joint data transmission and reception of the vehicles can be performed assisted by the operators. Due to the mobility of vehicles, dynamic cell hand-off needs to be considered in the proposed scheme. The association between users and operators should be carefully designed to obtain the prior knowledge of joint decoding while maintaining low latency of the system. In addition, precoding of the BS may be different from the traditional single-cell case, since it is not easy for a precoder associated with multiple separate antennas to form the physical beam that perfectly fits the distribution area of those co-channel NOMA users.
V. CONCLUSIONS AND FUTURE OUTLOOK
In this article, we introduce the NOMA technique into the LTE-based vehicular network to support massive connectivity and reduce resource collision for multiple V2X applications via either the power-domain or code-domain multiplexing. The new scheduling scheme, resource allocation algorithm, and control structure are designed in which the expected added value of network control is exploited to meet the requirement of LLHR. The proposed NOMA-MCD scheme is illustrated in detail given a basic V2X unicast model, and simulation results indicate that it can efficiently reduce the resource collision compared to the traditional OMA-based
scheme. An explicit extension of this scheme to a more general safety-critical V2X broadcast scenario is then elaborated. Other NOMA-based extended V2X applications are also presented such as networking NOMA and contention based SCMA, which can be applied to cope with the multiple-operator case and LTE-uplink latency, respectively.
As an effective approach supporting massive connectivity and high spectrum efficiency, the NOMA technique shows its potential to enhance the quality of cellular V2X services. Several open issues still need to be carefully addressed before practical implementation of the NOMAbased cellular vehicular network, which may drive the future inventions and research. These issues include synchronization in a high-mobility case, co-existence of LTE and WiFi, and coordination between various types of services/devices with different requirements. Two future research problems to be discussed in this field are listed below as examples.
• NOMA for cooperative V2X: Consider a broadcast scenario in which the originating node (BS or vehicles) broadcasts superposed signals to multiple Rx users. Lack of feedback from the Rx users to the originating node makes the retransmission not user-specific. Note that in the NOMA scheme, users with good channel gains are capable of decoding the information intended to other users with poor channel gains. Such prior information can be utilized for cooperation-based retransmission, in which a Rx user with good channel gain forwards the messages to other Rx users with poor channel gains via a direct link [15] .
Considering the mobility of vehicles, research topics such as dynamic spectrum management and communication protocol design need to be redeveloped.
• NOMA for cognitive V2X: For traffic efficient applications, a large amount of data generated by the vehicles poses great pressure on traditional H2H traffics. To guarantee the demand of H2H traffics while improving the quality of data transmission of vehicles, a new scheme named cognitive NOMA can be utilized in which the vehicles opportunistically access the channels which are originally occupied by the cellular users. Given a dedicated spectrum band, cellular users and vehicles are regarded as primary users and secondary users, respectively. Vehicle users can only access the channel when the services of cellular users are not affected. Different from the traditional cognitive radio scheme, power control needs to be performed carefully and a scheme coordinating both primary and secondary users should be designed.
